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Multifunctional molecular complexes are valuable tools with a variety of applications. We have
developed an RNA–protein complex (RNP) containing three different proteins attached to the tips
of a triangular RNA scaffold. We designed and constructed three RNA strands that speciﬁcally bind
a ribosomal protein, L7Ae, and that autonomously form a single triangular RNP via RNA kissing loop
(KL) interactions. This RNP-based approach can be used as an alternative tool to produce unique,
multifunctional molecules with customized dimensions, functions, and targets.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Artiﬁcial molecular complexes have been designed based on
naturally occurring molecular complexes and are used to engineer
efﬁcient reaction pathways and to develop molecular diagnostic
and therapeutic strategies [1–4]. Because their functional mole-
cules are precisely placed on the scaffold, they can act simultane-
ously on multiple targets. Their advantage over traditional
approaches is that two or more molecules or drugs can indepen-
dently associate with their corresponding targets. Therefore, the
development of a tool to synthesize multifunctional complexes
and to manipulate their composition, valency and geometry with
ease and precision is of particular interest.
Previously, an RNA–protein (RNP) nano-object consisting of
three proteins bound to an RNA scaffold was designed and con-
structed using a ribosomal protein, L7Ae, and its binding partner,
termed the box C/D kink-turn RNA motif [5]. The protein’s binding
allows the box C/D motif to bend by approximately 60 at three
tips to form a nearly equilateral triangle. When L7Ae is fused with
another functional protein and is attached to the tips of the RNA,the triangular RNP can be functionalized [5–8]. For example, fusion
with an afﬁnity protein enables the construction of an RNP display-
ing three afﬁnity moieties that, compared with a monomeric afﬁn-
ity protein, has a superior binding proﬁle due to the higher avidity
for human cell surfaces [6,7]. Another example is the display of a
ligand protein, galectin 1, to initiate apoptotic signaling in human
cells [6]. The precise regulation of receptor assembly can be
achieved for quantitative ON/OFF signal transduction by control-
ling the size of the RNP: the distance between the ligands, which
regulates the assembly of the corresponding receptors, is deter-
mined by the size of the triangular scaffold RNA.
A multifunctional RNP displaying different proteins could be
more broadly applied. For example, an RNP displaying three differ-
ent types of proteins, such as an antibody against speciﬁc cells, a
ﬂuorescent protein, and a cytokine, could be employed in the
speciﬁc binding, detection, and signal induction of target cells.
Such a trifunctional triangular RNP would be generated when a
mixture of three different L7Ae-fusion proteins is incubated with
the scaffold RNA (Fig. 1A). However, only a minor portion of the
generated RNPs (approximately 20%) would display the three dif-
ferent fusion proteins; the remainder would be undesirable
mono- and bifunctional RNPs that redundantly display the same
protein. To efﬁciently prepare complete, trifunctional RNPs, we
designed a segmentalized RNA scaffold containing an RNA–RNA
interaction motif (Fig. 1B). The scaffold RNA was divided into three
segments at the stem regions, each fusion protein was attached to
one RNA segment, and then the three RNP segments were
assembled.
Fig. 1. A schematic diagram of the preparation of a triangular RNP displaying three different proteins fused to L7Ae. (A) Construction of the triangular RNP using the original
scaffold RNA. Because the L7Ae fusion proteins randomly attach to the box C/D motifs of the scaffold RNA, only a small proportion of the total triangular RNP population is
expected to display all three fusion proteins. (B) Construction of the triangular RNP using the segmentalized scaffold RNA. Using the segmentalized RNA, most of the
triangular RNP population is expected to display all three fusion proteins. The bold red and black lines indicate the box C/D motifs and stems, respectively. The light green
crescent indicates L7Ae, and light red, blue, and yellow circles indicate the fused proteins. (C) The DIS KL motif and its derivatives. The natural DIS KL motif (subtype B), which
forms homodimers, can be engineered to generate heterodimer-forming KL motifs. The three pairs of heterodimer-forming KL motifs (the A1–A2 pair, the B1–B2 pair, and the
C1–C2 pair) employed in this study are shown. The base-pairing hexamer in the loops is indicated in bold. Arrows indicate the 50-to-30 direction of the RNA. (D) A model of the
structure of a triangular RNP composed of Tri48L/S RNA and L7Ae. L7Ae and the long and short RNA strands are shown in yellow, green, and dark blue, respectively. (E) A
model of the structure of a triangular RNP composed of TriKL-v1 RNA and L7Ae. The three RNA fragments are shown in green, dark blue, and light blue, and L7Ae is shown in
yellow. The models were prepared with the ICM-Pro software package (Molsoft).
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The RNA, the L7Ae protein, and the L7Ae–EGFP fusion protein
were prepared as previously described [5,6,8]. All synthetic DNAs
were purchased from Euroﬁns Genomics Japan (Japan). The RNA
secondary structures are shown in Fig. S1. The L7Ae–h7–EGFP
fusion protein contains a 35-amino-acid extended alpha-helix lin-
ker [(Glu-Ala-Ala-Ala-Lys)7] between L7Ae and EGFP [9] and was
prepared as previously described [5,6,8]. Otherwise mentioned,
RNP preparation was carried out as previously described [5,6,8].
EMSA was carried out essentially as previously described [5,6].
Because magnesium ions are required for the KL interaction,
0.5  Tris/Borate/EDTA buffer supplemented with 3 mM MgCl2
was used as the running buffer. Liquid-phase high-speed AFM
analysis was carried out as described previously [5,6,8].
3. Results
A kissing loop (KL) RNA-RNA interaction motif was employed to
assemble the segmentalized RNA scaffolds. The KL, a popular RNA
motif, is a speciﬁc interaction motif between two complementaryhairpin loops [10,11]. Despite its limited Watson–Crick base pair-
ing (between two and seven base pairs [bps]), the KL interaction
is stable due to additional interactions, including extended base
stacking. The KL motif of the dimerization initiation site (DIS) of
the human immunodeﬁciency virus RNA was employed for the
assembly of the segmentalized RNAs (Fig. 1C) [10,11]. The motif
is known to form a coaxially extended helix [12,13], making it suit-
able for its incorporation into the three stems of the RNA scaffold
without altering its reported 3D structure.
The DIS KL motif possesses a self-complementary hexanu-
cleotide that facilitates the formation of KL homodimers, and it
can be engineered to facilitate KL heterodimerization (Fig. 1C)
[14]. Consequently, it has been used to construct artiﬁcial RNA
nano-objects [15,16]. Three pairs of previously reported
heterodimer-forming KL motifs (the A1–A2 pair, the B1–B2 pair,
and the C1–C2 pair) were incorporated into the stem regions of
the original scaffold RNA [15].
Tri48L/S, which is composed of two RNA strands that hybridize
to each other and contains 48-bp stems ﬂanking the box C/D
motifs, to construct three segmentalized RNAs (Supplemental
Fig. S1A). Five versions of the segmentalized RNAs (TriKL-v1-5)
Fig. 2. The formation of a triangular RNP using a segmentalized scaffold RNA. (A) EMSA analysis of TriKL-v3 RNA-based triangular RNP formation. The RNPs were prepared by
mixing the indicated combinations of RNA (50 nM each) and L7Ae (2.4 lM). The gel was stained with SYBR green to identify the RNA. The triangular RNP was formed only
when all three RNA fragments were assembled (the rightmost lane). The original scaffold RNA (Tri48L/S) and its triangular RNP were loaded in the leftmost two lanes as
controls. (B) AFM analysis of Tri48L/S RNA-based triangular RNP formation. The left image shows 5 nM Tri48L/S RNA without L7Ae, and the right image shows the triangular
RNP, which was prepared by mixing 10 nM Tri48L/S RNA and 480 nM L7Ae. The images encompass 200 nm  200 nm ﬁelds. (C) AFM of Tri48KL-v3 RNA-based triangular RNP
formation. The left image shows 5 nM Tri48KL-v3 RNA without L7Ae, and the right image shows the triangular RNP, which was prepared by mixing 10 nM Tri48KL-v3 RNA
and 480 nM L7Ae. The images encompass 200 nm  200 nm ﬁelds. (D–M) EMSA analysis of segmentalized scaffold RNA-based triangular RNPs displaying different proteins.
(D) Triangular RNPs with free L7Ae protein. (E–M) Triangular RNPs displaying one EGFP (E), one h–EGFP (F), two EGFPs (G), two h7–EGFPs (H), one EGFP and one h7–EGFP (I),
three EGFPs (J), two EGFPs and one h7–EGFP (K), one EGFP and two h7–EGFPs (L), or three h7–EGFP molecules (M). The target triangular RNPs were prepared with TriKL-v3
RNA (4th lanes, labeled ‘‘TriKL’’). As controls, RNPs prepared with Tri48L/S RNA (2nd lanes, labeled ‘‘Tri48’’) and TriKL-v3 RNA assembled prior to protein binding (3rd lanes,
labeled ‘‘TriKL (pre.)’’) were loaded. In the 1st lanes, Tri48L/S RNA without L7Ae protein (labeled ‘‘Tri48 (no prot.)’’) was also loaded as a mobility standard. The RNPs are
illustrated schematically under the gel images. Bold red and black lines indicate box C/D motifs and stems, respectively. Light green crescents indicate L7Ae, and light blue and
red circles indicate the EGFP and h7 proteins, respectively. The triangular RNPs were prepared by mixing 50 nM RNA and the indicated combinations of fused and free L7Ae
proteins (0.8 lM, 1.6 lM, and 2.4 lM each for the display of one, two, and three molecules, respectively) in high-salt buffer (40 mM Tris–HCl, pH 7.4, 300 mM KCl, 1.5 mM
MgCl2, 10 mM DTT, 0.1% Triton X-100). The gel was stained with ethidium bromide to identify the RNA. Note that the non-sensitive staining required high contrast of the
image for band detection, resulting in blackened wells. (N) AFM analysis of a triangular RNP with three different proteins. The triangular RNP was prepared by assembling
three independently prepared RNP segments: 15 nM v3-A1C2 RNA with 150 nM L7Ae; 15 nM v3-B1A2 RNA with 150 nM L7Ae–EGFP fusion; and 15 nM v3-C1B2 RNA with
150 nM L7Ae–h7–EGFP fusion. Note that the alpha-helix linker region of the L7Ae–h7–EGFP fusion protein is not visible in the images.
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(Supplemental Fig. S1B–F). The box C/D motif and the KL motifs
are ﬂanked by successive 14- to 16-bp RNA stems; one exception
is TriKL-v3, which has one mismatch in each RNA segment
(Supplemental Fig. S1D).
To determine the designed RNAs’ ability to form triangular
RNPs, electrophoretic mobility shift assays (EMSAs) were per-
formed (Supplemental Fig. S2 and Fig. 2A). A mixture of the three
RNA segments from each set showed mobility similar to that of
the original Tri48L/S RNA without L7Ae, indicating that the RNA
segments self-assemble as designed (Supplemental Fig. S2 and
Fig. 2A). Additional higher-mobility bands were observed, presum-
ably due to misfolding of the RNA and/or instability of the closed
trimer structure. The RNA segments that were assembled with
L7Ae showed supershifted bands similar to those observed for
the control Tri48L/S RNA with L7Ae, indicating that the triangular
RNPs had formed (Supplemental Fig. S2). Among the ﬁve versions
of the scaffold RNA, TriKL-v3 showed the strongest and clearest tri-
angular RNP band (Supplemental Fig. S2). This behavior might be
due to the mismatches in the TriKL-v3 RNA stems, which might
relax the unexpected structural torsion caused by RNP trimer for-
mation. The triangular TriKL-v3 RNP formed only when all the
three RNA fragments (v3-A1C2, v3-B1A2, and v3-C1B2 RNAs) had
assembled, indicating that the scaffold RNA had adopted a
hetero-trimeric structure (Fig. 2A). The L7Ae protein concentration
required for the triangular RNP formations of the segmentalized
RNAs were similar to that of the original scaffold RNA (Fig. S2),
indicating that afﬁnities of the designed RNAs to L7Ae are compar-
ative to that of the original RNA.
TriKL-v3 RNA-based triangular RNP formation was conﬁrmed
by high-speed liquid-phase AFM (Fig. 2C). When 480 nM L7Ae
was added to 10 nM TriKL-v3 RNA, a triangular object was
observed that was similar to triangular RNPs composed of equal
concentrations of Tri48L/S RNA and L7Ae, indicating that the trian-
gular RNP had formed (Fig. 2B and C, right panels). As was observed
in the EMSA analysis (Fig. 2A), the three RNA fragments were
required for triangular RNP formation (Supplemental Fig. S3). In
the absence of L7Ae, TriKL-v3 RNA formed circles and
horseshoe-shaped or linear strings (Fig. 2C, left panel). These struc-
tures were similar in size to the circles and linear strings observed
in the Tri48L/S RNA image (Fig. 2B, left panel), indicating that the
RNA structures assembled from the three RNA segments were
formed in a manner similar to that of the non-segmentalized
RNA. The horseshoe-shaped strings, which were not observed in
the Tri48L/S RNA image, might correspond to open RNA trimers
that lacked one KL interaction.
EMSA was used to examine the display of the different proteins
at the RNA tips of the triangular RNP (Fig. 2E–M). One L7Ae protein
and two L7Ae–enhanced green ﬂuorescent protein (EGFP) fusion
proteins (L7Ae–EGFP and L7Ae–h7–EGFP) were employed to dis-
criminate between RNPs displaying different proteins. The mobil-
ity of this RNP band was similar to that of the triangular RNP
derived from Tri48L/S RNA when each RNA segment (v3-A1C2,
v3-B1A2, and v3-C1B2 RNAs) was mixed with the same protein
to form the trimer (Fig. 2D, J, and M, 2nd and 4th lanes). The mobil-
ity of the triangular RNP containing L7Ae–h7–EGFP was lower than
that of the RNP containing L7Ae–EGFP, and the triangular RNP con-
taining L7Ae had the highest mobility. As expected, the control
RNPs prepared with the pre-assembled TriKL-v3 RNA behaved sim-
ilarly to the post-assembled RNP (Fig. 2D, J and M, 3rd lanes).
Multiple bands were observed when a mixture of two or three
different proteins (combinations of L7Ae, L7Ae–EGFP, and L7Ae–
h7–EGFP) was added to Tri48L/S RNA and to the pre-assembled
TriKL-v3 RNA (Fig. 2E–I, K and L, 2nd and 3rd lanes), indicating
that, as expected, a heterogeneous population of triangular RNPs
had been generated (Fig. 1A). By contrast, the single TriKL-v3RNP band, which was generated when each TriKL-v3 RNA segment
was initially bound to the protein and then the triangular RNP was
assembled, seemed to correspond to a band found among the
heterogeneous RNPs (Fig. 2E–I, K and L, 4th lanes) (Fig. 1B). This
result indicates that high homogeneity of triangular RNPs display-
ing different proteins could be achieved using the TriKL-v3 RNA.
AFM analysis conﬁrmed the formation of triangular RNPs com-
posed of three RNA segments with different proteins (L7Ae, the
L7Ae–EGFP fusion, and the L7Ae–h7–EGFP fusion) (Fig. 2N). Due
to the instability of the L7Ae–h7–EGFP–RNA complex on the mica
surface under the experimental conditions, the majority of the
observed RNPs were incomplete (data not shown).4. Discussion
In this study, a new segmentalized scaffold RNA was designed
for the display of three different proteins on the tips of a triangular
RNP. The formation of the resulting RNP was conﬁrmed by EMSA
and AFM analyses (Fig. 1). The segmentalized scaffold RNA permit-
ted the generation of a highly homogenous population of the
desired RNP (Fig. 1B and Fig. 2), whereas a heterogeneous RNP
mixture was generated when two or three different L7Ae fusion
proteins were mixed with the non-segmentalized scaffold RNA,
Tri48L/S (Fig. 1A and Fig. 2).
Recently, artiﬁcial multifunctional molecular complexes have
been designed to develop efﬁcient reaction pathways that employ
DNA-, RNA-, and protein nanostructure-based scaffolds [1–4,17]. In
these complexes, catalytic molecules including enzymes are
aligned onto the scaffold molecules, and the catalysts are placed
at the desired distance to enable highly efﬁcient reactions. The tri-
functional RNP designed in this study is suitable for this purpose
because the distance between the displayed proteins can be altered
by changing the stem length of the scaffold RNA. Furthermore,
ﬁne-tuning the orientation of the proteins displayed on the trian-
gular RNP can be achieved by employing a circular permutation
technique (prepublication paper).
Multifunctional complexes are also used for molecular diagno-
sis and therapy. Complexes and fusions of afﬁnity molecules
(including antibodies, afﬁbodies, and aptamers) and drugs (includ-
ing chemical compounds, signaling and toxin proteins, and func-
tional RNAs) are widely used in the treatment of disease [18–20].
The trifunctional RNP could be used for similar purposes. It has
been demonstrated that a triangular RNP that is fused to a short
interfering RNA (siRNA) and that also displays an afﬁbody can be
used to target speciﬁc cells for siRNA delivery [7].
In previous studies, triangular RNPs displaying afﬁnity proteins
showed superior binding proﬁles compared with those of mono-
meric proteins because of their avidity effects [6–8]. Thus, it is
plausible that a triangular RNP displaying two or three afﬁnity pro-
teins could discriminate between cells expressing all of the corre-
sponding target molecules and cells expressing only one of them.
Such triangular RNPs are valuable for highly speciﬁc molecular
diagnosis and therapy.Acknowledgements
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